Electronic Raman scattering and optical phonon self-energies are studied on single crystals of LuB12 with different isotopic composition in the temperature region 10-650K and at pressures up to 10 GPa. The shape and energy position of the spectral peaks depend on the magnitude of the probed wave vector, temperature, and symmetry of excitations. We simulated experimental spectra using electronic structure obtained in the density function theory and taking into account the electron-phonon scattering. The emergence of a broad continuum in the spectra is identified with the inelastic scattering of light from the electronic intraband excitations. Their coupling to non-fully symmetric phonon modes is the source of both the Fano interference and temperature-dependent phonon self-energies. In addition, long wavelength vibrations of the boron atoms are in nonadiabatic regime, so the electronic contribution to their self-energies provides a temperature dependence that is similar to the anharmonic contribution. Comparison of calculation and experiment allowed us to determine the coupling constant λep=0.32, which gives correct critical temperature of the transition to the superconducting state.
I. INTRODUCTION
A number of superconducting substances belong to different families of binary boron compounds. Among them a record superconducting transition temperature was found in M gB 2 (T c =39K)
1 , hexaboride Y B 6 has T c ≤8.4 K 3 and dodecaboride ZrB 12 -6K 2 . All of them are discussed in the framework of the conventional electron-phonon mechanism of superconductivity. The leading interaction in M gB 2 assumes strong coupling of the E 2g optical phonon (boron atoms vibration) with electrons. High values of the electron-phonon coupling constant λ and T c in Y B 6 and ZrB 12 are considered to be caused by acoustic vibrations of loosely-coupled metal atoms in boron cage [4] [5] [6] [7] . For Y B 6 it is confirmed by calculations of the electron and phonon spectra, and electron-phonon interaction by linear response method 8 . However, a detailed comparison of calculation and experiment has not yet been done because of the lack of neutron data on the frequencies and widths of the acoustic phonons. Such calculations have not been performed yet for ZrB 12 .
LuB 12 is a structural analogue of ZrB 12 with a considerably lower T c =0.42 9 . Both crystallize in the U B 12 structure (space group Fm-3m), where the metal atom is located in the center of a truncated boron octahedron B 24 . Their electronic densities of states at the Fermi level are comparable. Analysis of the data on heat capacity, thermal expansion, resistivity 5 and optical spectroscopy 6, 7 suggests that this difference in the T c is due to a stronger coupling of acoustic phonons (vibrations of the zirconium atoms) with electrons.
Contribution of high-frequency vibrations of the boron atoms to electron-phonon coupling has been studied theoretically for Y B 6 8 . It has been shown that it is small, but the comparison of calculation and experiment is missing. The phonon spectra in the region of high frequencies at normal conditions in different dodecaborides were demonstrated to be similar [10] [11] [12] [13] [14] , but temperature and pressure effects on the dynamics and electron-phonon interaction have not been studied yet. Partly this gap can be bridged by a study of their influence on Raman active phonons. Asymmetry of the phonon lines observed in a number of borides clearly indicates their interaction with the electronic continuum. Electronic excitations are indeed observed in inelastic light scattering of hexaborides LaB 6 and Y B 6 15,16 . Their detailed study allowed us to obtain information about the velocity of electrons and their relaxation rate which is closely related with the magnitude of the electron-phonon coupling. If the difference in T c between ZrB 12 and LuB 12 is indeed due to interaction with low-frequency phonons the latter compound may serve as a reference object for study of electron-induced effects on optical vibrations.
The aim of our work is to study the effect of electronphonon interaction on optical phonons in LuB 12 . For this we performed measurements of the frequencies and widths of optical phonons as well as the spectra of electronic excitations in the wide range of temperatures (10-650) and pressures (0-10 GPA). Calculation of the phonon self energies and spectra of electronic excitations was performed on the basis of density functional theory (DFT). Account of the carrier scattering by phonons allowed to reproduce the anomalous temperature behavior of the self-energy of the E and T phonons, which is partly determined by the nonadiabatic interaction with the intraband electronic continuum.
II. EXPERIMENT
The single-crystal samples LuB 12 were grown by vertical crucible-free inductive floating zone melting in an inert gas atmosphere in IPM NASU (Kiev). The details are presented in 17 . Measurements were carried out on samples with natural isotopic composition and samples enriched with isotopes B 10 and B 11 . For measurements under pressure thin nonoriented fragments of crystals with sizes ∼100×100×10 µm were loaded into a gasketed diamond anvil cell (DAC) using a 4 : 1 methanol-ethanol mixture as a pressure medium. The pressure in the cell was controlled using the ruby luminescence method. For temperature measurements single crystal samples with surface orientation (001) were placed into the optical microcryostat. The spectra were excited by 532 nm (2.33 eV) and 785 nm (1.55 eV) lines of solid-state lasers and 633 nm (1.96 eV) of He-Ne laser with power up to 5 mW, focused to a spot on the sample with a diameter of ≃ 5-10 microns. To exclude surface effects, the measurements were carried out on freshly cleaved surfaces. The scattered light was detected by a Renishaw RM 1000 microspectrometer equipped with filters to exclude lowfrequency Rayleigh scattering with a threshold of ≈50 cm −1 and a thermoelectrically cooled CCD-based detection system. The spectral resolution was ∼ 2-3 cm −1 . A complete set of polarization geometries was used to extract Raman active phonon representations of A 1g , E g and For the calculation of the distribution of wave-vector transfers, ellipsometric measurements of the optical constants n and k were performed. Since the optical properties of LuB 12 in the visible spectral range vary significantly, the spectra were corrected for the optical absorption, transmission and refraction, as well as the spectral response of the spectrometer. All figures below show Raman response χ ′′ (ω) obtained after correction by n B (ω, T ) + 1, where n B (ω, T ) is the the Bose-Einstein factor.
III. RAMAN RESULTS AND CALCULATIONS
A. Electronic response Fig.1 shows LuB 12 spectra measured in different polarization geometries at T=300 K on a single crystals enriched by isotopes B 11 and B 11 . They contain 5 narrow lines superimposed on a broad background, which intensity depends on the scattering symmetry. The continuum is strongly polarization dependent, with large E g +T 2g symmetry and negligible A 1g symmetry contributions. The shape and position of the observed continuum do not change in measurements on the samples with different isotopic composition while the phonon lines show shifts in consistence to atomic mass ratio. Raman response χ " (ω) for different temperatures is shown in Fig.2 .
The spectra observed with 633 nm (1.96 eV) laser excitation ( Fig.2A) are very similar to ones measured in 18 . The low-temperature continuum near 185 cm −1 in these spectra shifts to higher energies and broadens with increasing temperature. As one can see the intensity of the broad continua goes to zero at all temperatures when ω → 0. Significant broadening and shift of the peaks to ≃800 cm −1 was found with increase in temperature to 650K. When using 532 nm (2.33 eV) laser excitation the maximum of low-temperature continuum is observed near 300 cm −1 (Fig.2b ). Its energy is close to the energy of the continuum at 300K, measured with 633 nm laser excitation. As was shown in 15, 16 , such scattering in borides originates from intraband electronic transitions near the Fermi level. The spectra independence from isotope composition confirms their relation with electronic excitations.
B. Optical phonons
The number of Raman-active phonon modes for idealized structure of the dodecaborides (space group Fm-3m) is determined by a factor group analysis :
(1) may be described by the asymmetric Breit-Wigner-Fano (BWF) profile expression 19 :
where ω 0 and R(ω) are a bare (uncoupled) mode frequency and the Hilbert transform of continuum density of states ρ(ω). T e and T p are scattering amplitudes for continuum and phonon. Electron-phonon interaction with matrix element V determines the phonon width Γ = 2(Γ 0 + πV 2 ρ(ω)) (Γ 0 is the phonon width in absence of interaction). This interaction also shifts the phonon energy to ω = ω 0 + V 2 R(ω). A distinguishing feature of the Fano resonance in the Raman spectra is the dependence of asymmetry parameter Q and, consequently, of the profile of the phonon line on the wavelength of the exciting light. It is seen very clearly in Fig.3 where all E 1 g line profiles were fitted by Equation (2). Inspite of rather large visual difference in lineshapes the extracted phonon frequencies and widths are very similar for different excitation wavelength used: ω=649.6 cm −1 , Γ=24 cm −1 and Q=4.7 for 532 nm excitation, ω=649.2 cm −1 , Γ=23 cm −1 and Q=2 for 633 nm excitation and ω=649. ) or a Voigt function (for 3 high-energy modes), which is a Lorentzian folded with a Gaussian that accounts for the spectrometer bandwidth. The frequencies and widths of all phonon modes were the same when excited at both wavelengths 633 and 532 nm. The asymmetry parameter Q of the E 1 g and T 1 2g modes depends on the excitation wavelength and shows minima at T∼400-500K. The frequencies of all phonons soften and their widths grow with increasing temperature. At first glance such behavior may come from anharmonic effects. To the lowest order in perturbation theory, an account of the cubic anharmonicity leads to well-known expressions for the phonon frequency shift and linewidth 20 :
The bare linewidth Γ i includes contributions from different defects, A and B are fitting parameters related to the third-order coefficients in the expansion of the lattice potential in normal coordinates.
Based on the measured pressure dependences of the phonon frequencies (Fig.9) , we estimated the contributions of thermal expansion term ∆ω therm to the phonon frequency using Eq.7. Gruneisen parameters for the E 1 g (γ=1.02(4)), T 1 2g (γ=1.15 (6) ) and A 1g (γ=1.38(6)) were estimated assuming a bulk modulus B 0 = 232 GPa 21 . Linear thermal expansion coefficients α(T) from 22,23 were used for calculation of the frequency shift ∆ω therm . The low intensity of the E 2 g and T 2 2g phonons did not allow to observe them at high pressures, so their γ were taken to be equal to γ for the A 1g mode. The obtained ∆ω therm are plotted by dotted lines for all phonon modes in Fig.4-8 . Assuming that the low-temperature phonon widths are determined solely by anharmonic processes we calculated the temperature dependence of widths for all phonons with Γ i =0.5 cm −1 (Eq.6). We got excellent fit for the width of the A 1g mode (Fig.8(b) ), but poor agreement for all other modes. If the phonon linewidth is governed by decay into pairs of phonons with opposite wave vectors the linear increase of the linewidth at high temperatures should be observed. This is contrast to the experiment where high-temperature humps are observed. Varying the anharmonic coupling parameter A the anharmonic contribution to the temperature de- pendence of the A 1g frequency has been calculated using Eq.5. It is plotted in Fig.8(a) showing best agreement for ω 0 =1042 cm −1 , A=11 cm −1 and B=9.5 cm −1 . Fitting parameters for all phonon modes are presented in Table  1 . Thus, the temperature behavior of the A 1g phonon self-energies may be well explained by three-phonon coupling approximation. Inability to describe the damping dependences for the E and T phonons indicates the existence of additional decay mechanisms. These may be an electron-phonon interaction or higher-order anharmonic processes. The latter provide a quadratic dependence of the phonon linewidth vs. temperature. The first one is really manifested itself through the abovementioned Fano interference, which leads to the noticeable asymmetry of the E 1 g and T 1 2g phonon profiles. Lineshape asymmetry is lesser for the E 2 g and T 2 2g modes and absent for the A 1g phonon. Obviously, this is due to the presence of the electronic continua with the E g and T 2g symmetry and the absence of electronic excitations with A 1g symmetry.
C. Calculations
In order to theoretically estimate the effects of electron-phonon interaction on the phonon energies and line widths, calculations of a spectrum of electronic excitations and phonon spectral function were carried out. The phonon spectral function I(ω) was calculated by taking into account the frequency and temperature dependences of the phonon self-energies due to both the anharmonicity and electron-phonon interaction:
Here Γ(q, ω, T ) = Γ 0 (T ) + Π ′′ (q, ω, T ) is the line width, Π ′ (q, ω, T ) and Π ′′ (q, ω, T ) are the real and imaginary parts of the phonon self-energy due to the electronphonon scattering. The wave vector distribution U (q) was taken to be of skew lineshape 24 and was estimated on the basis of experimental optical constants. The electron-induced phonon self-energy originates from intraband electronic transitions in our simulation. We used Π(q, ω, T ) in the form 25 : 
Here, ds f is the area element of the Fermi surface, υ z f -the electron velocity, g -the matrix element of the electronphonon interaction, f (ε) is the Fermi function, and z denotes the normal to the sample surface. The retarded and advanced quasi-particle electronic self-energies Σ(ǫ) and Σ(ǫ + ω) determine the electron spectrum renormalization near the Fermi level due to different interactions. In the case of electron-phonon scattering, the real and imaginary parts are:
where ν is the impurity relaxation frequency, Ψ -the digamma function, Ω -the phonon energy, α 2 F (Ω) -the Eliashberg spectral function for the electron-phonon interaction.
Electronic structure and velocity of electrons at the Fermi surface were calculated using the linearized muffin- 
tin orbitals (LMTO)
27 in the approximation of local electron density (LDA) with exchange-correlation part of the proposed by von Barth and Hedin 28 . Integration over the Fermi surface was performed with a fine mesh of 125,000 k-points in the full Brillouin zone. The crystal structure parameters (space group O 5 h ) were taken from Refs. 22, 23 . Calculated electronic structure and the Fermi surface are consistent with the results of previous studies 21, 29, 30 . The frequency dependence of light scattering by electronic excitations is determined by imaginary part of Eq.9 where the matrix element of electron-phonon interaction g is replaced by matrix element of electron-photon interaction 31 . The latter was taken by constant. The single adjustable parameter in the calculation is the constant of electron-phonon coupling λ = 2 α 2 F (Ω)/Ω. Its starting value was determined from the evaluation of the electron-phonon scattering rate ≈ 2Σ ′′ (ǫ) at high temperatures. To calculate λ we used a constant α 2 (ω) and the phonon density of states F (Ω) from Ref.
10 , the value of relaxation rate due to impurity scattering was taken as small as ν=10 cm −1 . As can be seen in Fig.2 , the measured Raman response by electronic excitations is well described by the calculated curves at different temperatures using λ =0.32. It follows from eq. (9) that at low temperatures the maximum of the continuum should be observed at the frequency ω ≃ qυ
is small. Because low-frequency phonons are frozen, it is really small at T=10 K at low energies. This basically ensures collisionless regime for electrons and gives an opportunity to observe a rather narrow peak at 185 cm −1 . The conservation of the wave vector in this process allows to estimate the renormalized velocity of the electrons at the Fermi surface υ f ≃ 7.3 × 10 7 cm/sec. An increase of the electron damping with increasing temperature leads to the appearance of incoherent scattering at high energies. This results in frequency hardening and broadening of the electronic continua.
Variation of excitation wavelength changes the value of the probed wave vector (0.5×10 6 cm −1 for 633 nm and 0.75×10 6 cm −1 for 532 nm). Naturally, this leads to a change of a term qυ z f in (9) and results in a shift of the energy of the low-temperature electronic continuum for excitation at 532 nm. This is in agreement with the calculation of the spectra for excitation energy of 2.33 eV in Fig.2b . Using the Allen-Dines expression for the superconducting transition temperature 32 we calculated T c for LuB 12 . If Coulomb pseudopotential is taken to be µ * = 0.1 the obtained value of λ ≈ 0.32 gives T c ≈ 0.5 K, which is consistent with the experimental value 9 . Assuming that the low-temperature widths of the E and T phonon lines are completely defined by the electron-phonon interaction we calculated phonon spectral functions according to Eq. 8 varying g and setting A and B equal zero. The phonon profiles were fitted by Lorenzians and the temperature dependences of widths were plotted (dotted lines in Figs.4-7) . They overestimate experimental widths and show maxima at intermediate temperatures. Thus, neither anharmonic mechanism nor electron-phonon mechanism is unable separately to explain the observed temperature behavior of the phonon damping. Therefore, both mechanisms anharmonicity and electron-phonon interaction give contributions to line widths and, possibly, to frequency shifts.
Then, we fitted the observed temperature dependences of the widths and frequencies of E and T modes calculating the phonon spectral functions at different temperatures. The values A,B and g were varied in this fit, electron-phonon coupling constant was set λ= 0.32. Calculated temperature dependences are shown in Figs. 4-7 . One may see nearly perfect agreement with experimental data.
IV. DISCUSSION
The electronic part of the Feinman diagram for interaction of the intraband electronic excitations with phonons is isomorphic with that of light scattering by the same excitations 31 . The imaginary part of this self-energy Π ′′ (q, ω, T ) determines the phonon line width and, correspondingly, the probability of light scattering by the electronic excitations (with replacement of g on the electronphoton vertex). Tab. 1 shows that the highest contri- bution of electron-phonon interaction to the line width corresponds to the E 1 g phonon: λ E 1 g =g 2 N f /ω 0 for this mode is at least three times more than λ for other modes. Since the frequency dependence of the imaginary part of the electronic self-energy (proportional to electronic light scattering intensity) is flat in the energy range of optical phonons (Fig.2) the main reason for the difference in electronic contributions to the phonon widths is the difference in matrix elements. The low-temperature contribution of electron-phonon interaction to the linewidth of the E 1 g phonon exceeds the contribution of anharmonicity by ∼1.5 times and this difference rises to a maximum (∼2.5 times) in the region of 500 K. This happens because the maximum of the electronic continuum shifted towards higher frequencies with increasing temperature. Corresponding increase of Π ′′ (q, ω, T ) leads to higher electronic contributions to the width of all lines.
As one can see, the electron-phonon mechanism provides the same temperature trend for the phonon selfenergies as the anharmonic one. The reason for this behavior is clear from the following evaluation of the phase velocity for the E 1 g phonon at 654 cm −1 , which upon excitation at 633 nm yields 2.5 × 10 8 cm/sec. This value is several times larger than the average velocity of the electrons υ f ≃ 7.3 × 10 7 cm/sec. This means that E 1 g and other higher frequency phonons are in the nonadiabatic regime (Fig. 10) . No Landau damping, which threshold is situated at ≈ 1.2 × 10 6 cm −1 , is possible for these phonons. It is obvious that for probed wavevectors, the phonon damping is small at low temperatures, but increases with increasing temperature until a maximum and then decreases. Such behavior explains appearance of humps in temperature dependences of the phonon damping for E and T phonons. The growth of the electron-induced contribution to phonon width is the reason of the decrease of asymmetry parameter Q for the E may be related to the changes in scattering amplitudes by electrons or phonons.
It should be noted that despite of a good description of the temperature dependence of the E 1 g phonon linewidth, the shift of its frequency does not require any anharmonic contribution except the term describing thermal expansion (Tab. 1). Moreover, in the temperature region of 500-600 K the calculation overestimates the frequency softening. The ratio of electron-phonon and anharmonic contributions to the phonon widths decreases for the E 2 g , T 1 2g and T 2 2g phonons (Tab. 1) and the anharmonic contributions to the real part of the self-energy need to be added for all of them.
The electronic light scattering as well as the self-energy of optical phonon with the full symmetry of the crystal may be screened by the carrier response in the case of electronic bands with parabolic dispersion. This is not the case of LuB 12 which has rather anisotropic Fermi surface. However, both the intensity of the electronic light scattering of the A 1g symmetry and the electronic contributions to the self-energy of the A 1g phonon are negligible.
V. CONCLUSIONS
Inelastic light scattering by phononic and electronic excitations in LuB 12 was studied in a wide region of temperatures and pressures for different excitation energies and scattering symmetries. Comparison of experimental and simulated spectra based on the calculated electronic structures was performed. It confirms that intraband electronic transitions are the source of the observed broad continua in Raman spectra. It is shown the electron-phonon scattering governs renormalization of the electron spectrum near the Fermi level. The interaction of renormalized spectrum with non-fully symmetric phonons is responsible for the interference effects and contributes to phonon self-energies. The obtained value of the electron-phonon coupling constant for LuB 12 λ ≈ 0.32 gives an appropriate estimation of T c in this compound.
